Rapid urbanization and the increased use of private vehicles have led to many urban problems. Transit-oriented development (TOD) has been proposed as a solution to these problems. The present study examined the relationship between meso-scale urban form and bus ridership, as well as the link between bus and subway use in Seoul, Republic of Korea. Spatial regression models identified the effects of TOD planning factors on bus ridership at 2300 target bus stops in Seoul. The analysis revealed that TOD planning factors have a significant positive impact on bus ridership. In addition, the result indicated a complementary relationship between bus and subway use, implying that transportation policies designed to promote bus transport use through connecting bus and subway services may be effective strategies.
Introduction
Modern cities are faced with numerous problems, such as overcrowding, lack of housing, damage to the natural environment, and traffic congestion. Automobile-oriented urban planning approaches have been criticized as a major cause of these modern urban problems. In response, many urban planners and researchers have argued for the necessity of inhibiting the indiscrete outward spread of urban areas, and of developing public transportation to reduce the negative effects of automobile dependency [1] . The transit-oriented development (TOD) approach has consequently been taken to propose a city development method that is focused on the use of public transportation and high-density, mixed-use development patterns [2] . The concept of TOD differs slightly from country to country, but in general, the most important feature is the development of high-density, walking-friendly environments surrounding a public transportation node [3] . The TOD concept has been applied to numerous urban developments, and over 100 areas have been developed in the United States and Europe using this approach.
Most urban development projects that used early TOD theory have focused on railway stations; relatively few TOD projects have focused on bus stops [3] , bus services, and bus terminals, which have all been proposed as potential areas for TOD expansion, especially those located near major railway stations [4] . However, with the recent speedy expansion of bus rapid transit (BRT), the development of TOD theory with a focus on bus stops has emerged as an important issue [5] . BRT has several advantages: it can be introduced in a short period, the costs of an express bus system are lower than those of railways, and the construction period is short. As of 2017, 5500 km in total of dedicated BRT routes have been set up in 205 cities, and approximately 4.8 million passengers use BRT every week around the world [6] .
BRT was first introduced in Korea in 2004 under the Seoul bus system reform. Seoul's BRT system uses a dedicated bus lane and island-type bus stops. Continuous expansion of the route resulted in a total route length of 117.5 km across 12 routes as of 2014 [7] . Seoul thus has the sixth largest number of BRT routes in the world, following Jakarta, Rio de Janeiro, and Tehran in the short term [7] . Bus traffic in Seoul increased by 14%-from 771 to 883 million-between 2002 and 2017, and the modal share of bus transport increased from 26% in 2002 to 27% in 2014.
TOD research and projects remain somewhat biased toward railway station-based developments, although the term public transportation refers to both buses and subways. Considering that buses are a common means of transportation, it is necessary to investigate bus stop-based TOD theory in relation to urban environments and other public transportation systems. Therefore, the present study analyzes the impact of urban form and subway systems on bus ridership to shed light on effective pedestrianand public-transportation-oriented development strategies. Specifically, this study explores how the urban form factors of Seoul influence bus ridership, as well as whether buses and subways, two major public transportation systems, have a competitive or complementary relationship. This study is expected to contribute to effective TOD approaches by highlighting the urban form elements that influence bus ridership.
Background

Concept of Transport-Oriented Development (TOD)
The TOD theory was first proposed by Peter Calthorpe, who argued in favor of city developments focusing on public transportation systems and moving away from automobile-dependent urban development [1] . TOD focuses on creating a high-density, mixed-use living zone in a 400-800 m area around public transportation nodes. Other areas are developed at a low density or are conserved. In this theory, high-density, complex land use is the major planning element around public transportation nodal points, with the further aim of creating walking-and bicycle-friendly environments [2] . In addition, minimizing traffic and promoting public and non-motorized traffic can contribute to sustainable development that reduces traffic congestion, energy consumption, and air pollution [8] .
According to Ewing and Cervero [9] , TOD is divided into "mixed use of land", "diversity in a range accessible from the center of the transit center", and "walking-and biking-urban design". In detail, land use density in the station area is one of the biggest factors determining the degree of public transportation use, and the magnitude of influence may vary according to the level and type of density developed.
Review of the Literature
Research on TOD can be divided into studies on the effect of TOD development on the surrounding landscape, and studies on methods to increase public transportation use in accordance with the TOD theory. Since this study is related to the latter subject, this review will focus on previous research on the relationship between urban environments and public transportation use. As mentioned, although studies on urban forms and railways have received attention since the late 1990s [10, 11] , few studies have investigated urban forms and bus services [12] .
Many domestic studies have focused on railway station-based TOD research. Oh et al. [13] identified factors that influence transit users through examining land and transportation demand and supply variables. This study is significant because it adds operational variables, such as operating time and dispatch interval, and land use variables. However, a limitation of the study is that the urban design aspect is not considered.
Sohn and Kim [14] investigated the relationship between transit ridership and the urban characteristics of the Seoul Metropolitan area transit center. Although this research considered the walking environment, public transportation modes other than subway services were not considered. In addition, most railway station-based research does not take into account other public transport modes (e.g., [15, 16] ).
Lim et al. [17] analyzed the characteristics of actual public transport users by classifying the characteristics of subway users and transfer type (e.g., walking to subway or bus to subway) of subway station areas in Seoul. This study considered users who are transferring from subway to bus use. However, a limitation of this study is that it does not take into account users of only buses, as the study area is a railway station. Zhao et al. [18] analyzed the factors influencing the number of subway passengers in a subway radius of 800 m. Although bus-related factors were included as explanatory variables, there was insufficient consideration of bus users' characteristics or of urban design factors.
Sung et al. [19] analyzed the effect of city type on the number of railway station users and their transportation mode choice. Their study suggested that buses and subway transfer systems should be well established to encourage bus use, which can increase overall public transportation utilization. However, the analysis investigated transportation modes used by passengers entering and exiting the railway station according to the time of day, and the contents and interpretation of the research focused on the railway station.
Loo et al. [20] analyzed the factors affecting railway station use in New York and Hong Kong based on four major dimensions: land use, station characteristics, socioeconomic and demographic characteristics, and inter-modal competition. This study analyzed the relationship between railway and bus ridership while controlling for land use factors, station characteristics, and socioeconomic variables, and they found that buses have a positive effect on railway patronage in the combined Hong Kong and New York model. However, this study did not consider urban form factors.
Cascajo et al. [21] analyzed the effect of urban size, population density, and the supply of bus routes on the number of bus users. However, this study was a city-level analysis and was unable to investigate the meso-or micro-level design elements of the cities. Estupinan et al. [12] studied the relationship between city type and BRT ridership. Using factor analysis, they identified four factors correlated with the number of bus riders at the bus stop: walking supports, barriers to car use, low safety and insecurity, and connectivity. This study empirically explored factors affecting bus ridership in consideration of both socioeconomic factors and urban-type-related factors, but the reliability of the model is low due to the small size of the observations. Thompson [22] analyzed the correlation between socioeconomic factors, such as population density, furniture, income, work, parking fees, and public transportation demand. This study revealed a correlation between bus factors and the different socioeconomic factors from previous studies, but land use and urban design factors were not considered. Chakraborty [23] identified the correlation between the number of traffic users by accounting for not only land use factors, but also socioeconomic factors such as the number of vehicles and income level. However, the urban design elements were insufficiently included. Brown et al. [24] compared the characteristics of bus and subway users. The authors classified public transit users into five types according to their destinations. This study found that bus trips in Atlanta, Georgia, USA, originated from a larger number of zones with higher levels of transit-dependent characteristics compared to rail trips. Self-identified rail riders primarily access transit by automobile, and they value fast transport services within a convenient walking distance of their employment, such as in the central business district (CBD), and some but not all TODs. The results suggested that good transfer connections between buses and trains would increase bus ridership. Overall, these studies contribute by investigating the characteristics of bus and subway riders, as well as factors that influence both bus use and subway use. However, these studies tend not to consider land use and urban design factors that may also affect bus ridership.
In summary, most TOD studies have focused on railway-based developments, and studies focusing on buses generally lack consideration of urban design aspects. Therefore, the purpose of the present study is to examine the effects of urban form features, or urban design elements that are not being sufficiently studied, on bus utilization. In addition, this study aims to shed light on the relationship between the two major public transportation systems, bus and subway, because the relationship between the two systems is generally understudied, although they are usually developed together. Therefore, the questions of this study are as follows:
(1) Do meso-scale urban form elements such as density, land use mix, meso-scale urban design elements, and accessibility to transportation and destinations affect bus use?
The meso-scale urban form elements used in this study are based on TOD theory and literature reviews. TOD posits that high-density, mixed-use, and pedestrian-friendly environments (e.g., high intersection density, low hilliness, presence of a bike path) encourage public transit use. Therefore, bus ridership at bus stops located in dense, mixed, and pedestrian-oriented areas is expected to be greater than that in other areas.
(2) Is the relationship between the bus and subway modes of transportation competitive or complementary?
Subway and bus modes of transportation may compete with each other when the two systems serve the same origins and destinations. However, in many cases, buses can cover areas outside of a subway's service area. Thus, it is expected that bus stops near subway stations have a greater number of riders.
Method
Study Area
The spatial range of this study is Seoul city, which has the greatest number of public transportation users, such as subway and bus riders, in the Republic of Korea. As of December 2016, 7427 local buses were operating on 351 routes, and 6087 bus stops were located in Seoul [25] . Seoul's bus system includes BRT, which provides high-speed bus service through a limited number of stops, and a typical bus system, which provide slower bus service that fills the gap between the subway and BRT. As seen in Figure 1 , the bus system covers most of Seoul, which is an already-developed, high-density city. In 2014, the modal share of bus transport in Seoul was 27%, the highest following the combined subway and railway share (39%) [26] . The modal share of bicycle transport was only 2% [27] . In addition, Seoul includes various urban forms, such as natural areas, grid areas, apartment areas, and high-density areas. Thus, Seoul is suitable for an analysis of the effect of the urban physical environment on the bus utilization rate. relationship between the two systems is generally understudied, although they are usually developed together. Therefore, the questions of this study are as follows:
1) Do meso-scale urban form elements such as density, land use mix, meso-scale urban design elements, and accessibility to transportation and destinations affect bus use?
2) Is the relationship between the bus and subway modes of transportation competitive or complementary?
Method
Study Area
The spatial range of this study is Seoul city, which has the greatest number of public transportation users, such as subway and bus riders, in the Republic of Korea. As of December 2016, 7427 local buses were operating on 351 routes, and 6087 bus stops were located in Seoul [25] . Seoul's bus system includes BRT, which provides high-speed bus service through a limited number of stops, and a typical bus system, which provide slower bus service that fills the gap between the subway and BRT. As seen in Figure 1 , the bus system covers most of Seoul, which is an already-developed, high-density city. In 2014, the modal share of bus transport in Seoul was 27%, the highest following the combined subway and railway share (39%) [26] . The modal share of bicycle transport was only 2% [27] . In addition, Seoul includes various urban forms, such as natural areas, grid areas, apartment areas, and high-density areas. Thus, Seoul is suitable for an analysis of the effect of the urban physical environment on the bus utilization rate. 
Data and Key Variables
This study empirically examines the TOD theory based on bus stops. Table 1 presents the definitions and descriptive statistics of the key variables. The dependent variable is the average number of people who boarded and alighted at each bus stop in Seoul. The bus rider data were collected from passengers who used a traffic card at each stop from January 2014 to October 2015. The average number of bus riders at the bus stop was calculated by determining the average number of people getting on and off at each stop on each day for 22 months. Due to the characteristics of the bus system, there are bus stops with the same name on both lanes. If these stops were treated as individual observation values, many network buffers would overlap due to the proximity of the stops. Thus, the average number of passengers using bus stops of the same name was calculated as a single observation value. In addition, the dependent variable was log-transformed for the analysis, because its distribution was positively skewed. The independent variables were selected based on the TOD theory: urban form factors related to walking were constructed, positing that pedestrian traffic is related to the number of bus users. The urban form factors were extracted using Geographic Information System (GIS) data provided by the Seoul Metropolitan Government Big Data Campus, with a 400-m network buffer zone for each bus stop as a basic unit [28] . Figure 2 is an example of network buffer zone from bus stop and shows shape of a basic unit. According to the TOD theory, the high development density near transit centers is an important aspect. The floor area ratio, which is the total floor area divided by the area of a network buffer, is an index that measures the development density around a bus stop.
The land use mix (LUM) index, which is an entropy type index, is used as an indicator of the degree to which the land mixed use, and is used in diverse urban studies [29] . However, previous studies identified shortcomings of this index e.g., [30] [31] [32] . For instance, LUM has the same value if the ratios are the same, regardless of the purpose of mixing, and thus the quality diversity of the mixed use is not confirmed. Another problem is that LUM is a measure of balance among uses rather than a functional mix: for example, adding a small amount of a new function will reduce the value of LUM index, because the new function distracts the existing balance. The land use mix (LUM) index measures the degree of mixed use of land, which is often used in urban studies [29] . The land use in Seoul was classified into commercial, dedicated residential, general residential (i.e., residential areas that allow small-scale, non-harmful commercial use), green, and semi-industrial, and the variables were created using the following equation:
where k refers to the number of represented land uses and p i refers to the percent of land use i.
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where k refers to the number of represented land uses and refers to the percent of land use i. The gravity index is generated by referring to the gravity model as a parameter to understand the relationship between bus and subway use. The gravity model is widely used for traffic volume forecasts in transportation [33] and for the law of retail gravitation in urban areas [34] . The gravity model assumes that the influence of the population on the two regions is inversely proportional to the distance between them. In this study, the gravity index is calculated by dividing the number of daily passengers at the nearest subway station at each bus stop by the square of the network distance from the bus stop to the nearest subway station, using the ArcGIS Network Analyst extension:
where d is the distance to the nearest subway station, n is the average station patronages a day, and β is the distance-decay parameter.
A positive coefficient of the gravity index indicates that the bus and subway have a complementary relationship, and a negative coefficient implies a competitive relationship between the two modes. A challenge of using the gravity model is selecting a reasonable distance-decay parameter. Referring to previous studies (e.g., [35] [36] [37] ), a sensitivity analysis is carried out by applying various distance-decay parameters, ranging from 1.0 to 2.2 with an increment of 0.2, to spatial regression models (see Table A1 in Appendix A). The sensitivity analysis result identified no remarkable changes in the results. The authors selected 2 as the value of β for computational clarity.
To control for the influence of road type and road density on bus users, we used the arterial road and the collector road, since the grade of roads approximate the capacity of bus service, and arterial roads tend to provide higher bus frequency and capacity. Intersection density variables were included, referring to previous studies (e.g., [38] ). These variables approximate the block size: a higher intersection density indicates that city blocks are smaller. Smaller urban blocks are expected to improve pedestrian access and to therefore have a positive impact on bus use. In addition, the slope of the road is an important factor affecting walking activity [39] . The slope variable is computed from a digital elevation model of Seoul.
The continuity of the bicycle road is a pedestrian-friendly design element that potentially activates public transportation [38] . To examine the influence of the bicycle road, a bike path variable is constructed as a dummy variable by using location information on bicycle roads from the Open Data Plaza in Seoul. The gravity index is generated by referring to the gravity model as a parameter to understand the relationship between bus and subway use. The gravity model is widely used for traffic volume forecasts in transportation [33] and for the law of retail gravitation in urban areas [34] . The gravity model assumes that the influence of the population on the two regions is inversely proportional to the distance between them. In this study, the gravity index is calculated by dividing the number of daily passengers at the nearest subway station at each bus stop by the square of the network distance from the bus stop to the nearest subway station, using the ArcGIS Network Analyst extension:
where d is the distance to the nearest subway station, n is the average station patronages a day, and β is the distance-decay parameter. A positive coefficient of the gravity index indicates that the bus and subway have a complementary relationship, and a negative coefficient implies a competitive relationship between the two modes. A challenge of using the gravity model is selecting a reasonable distance-decay parameter. Referring to previous studies (e.g., [35] [36] [37] ), a sensitivity analysis is carried out by applying various distance-decay parameters, ranging from 1.0 to 2.2 with an increment of 0.2, to spatial regression models (see Table A1 in Appendix A). The sensitivity analysis result identified no remarkable changes in the results. The authors selected 2 as the value of β for computational clarity.
The continuity of the bicycle road is a pedestrian-friendly design element that potentially activates public transportation [38] . To examine the influence of the bicycle road, a bike path variable is constructed as a dummy variable by using location information on bicycle roads from the Open Data Plaza in Seoul.
The socioeconomic characteristics of the area around a bus stop, such as population, number of companies, number of parking spaces, and number of automobile registrations, are extracted from administrative area data. Because Seoul's administrative areas are larger than the buffer zone unit, the values of the socioeconomic variables within a network buffer are estimated by using the area ratio of an administrative area and a network buffer using ArcGIS. The population variable is taken from Seoul Metropolitan area data from 2015, provided by the National Statistical Office. The number of companies, which is intended to capture the intensity level of economic activity, is extracted from the 2014 national business survey of the National Statistical Office. The parking lot variable, which utilizes data on the number of parking places, was compiled from the parking plan of Seoul. It was created to confirm that parking service can hinder public transportation use by encouraging private automobile use, which competes with the public transportation service [40] . The number of automobile registrations was determined by utilizing a 2010 survey of household traffic [41] . Among the independent variables above, a natural logarithmic transformation is applied to the gravity models, slope, number of companies, number of registered cars, and number of parking lots, which have a high degree of asymmetry.
Method
Data that reflect spatial attributes are affected by spatial autocorrelation, which refers to the phenomenon that one observation is influenced by other observations that are close to each other [42] . Spatial autocorrelation implies that the more adjacent individual observations are in space, the more similar the characteristics obtained from them will be, and the higher the correlation. In this case, the reliability of an ordinary least squares (OLS) model may deteriorate due to its assumption of the mutual independence of the observations. Therefore, it is necessary to first verify the spatial autocorrelation of observations using Moran's I, and to then decide on the most appropriate model.
In some areas of Seoul, bus use is popular and, in other areas, few buses are observed. This suggests that the number of bus riders may have spatial autocorrelation. Therefore, Moran's I of the average number of bus riders, which is a dependent variable, was estimated (Figure 3 ): the Moran's I value of the natural log-transformed number of bus riders was 0.232, which was statistically significant (p = 0.001).
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In some areas of Seoul, bus use is popular and, in other areas, few buses are observed. This suggests that the number of bus riders may have spatial autocorrelation. Therefore, Moran's I of the average number of bus riders, which is a dependent variable, was estimated (Figure 3 ): the Moran's I value of the natural log-transformed number of bus riders was 0.232, which was statistically significant (p = 0.001) Spatial lag modeling (SLM) and spatial error modeling (SEM) are designed to deal with the spatial dependency problem, if spatial autocorrelation is identified [43] . SLM assumes that the spatial autocorrelation occurs at individual dependent variable values. Thus, spatial autocorrelation is Spatial lag modeling (SLM) and spatial error modeling (SEM) are designed to deal with the spatial dependency problem, if spatial autocorrelation is identified [43] . SLM assumes that the spatial autocorrelation occurs at individual dependent variable values. Thus, spatial autocorrelation is controlled by applying a space weight matrix (ρWy) to the surrounding observations that affect each observation value:
where y is a dependent variable vector, W is a spatial weight matrix, x is an independent variable matrix, ρ and β are coefficients, and ε is an independent and identically distributed residual vector. On the other hand, SEM assumes that spatial autocorrelation is not observed in the values of individual dependence variables, and that it is consequently found in residuals. Thus, SEM controls for spatial autocorrelation by applying a space weight matrix (ε = λW + µ) to the residuals affecting the adjacent residual values.
where y is a dependent variable vector, W is a spatial weight matrix, x is an independent variable matrix, λ and β are coefficients, ε is a spatial-dependent residual vector, and µ is an independent and identically distributed residual vector.
To determine which models are suitable for controlling spatial autocorrelation, the authors used the robust Lagrange multiplier (LM) test after the regression analysis using the OLS method. Only the robust LM test of SEM was statistically significant at the 0.05 alpha level. Therefore, SEM was selected for the final model. Additionally, the variance inflation factor (VIF) was used to test for multicollinearity, and a few outliers were removed by examining the anomalies of the residuals.
This study employed GeoDa, a spatial analysis program, to conduct SEM, with the average number of bus riders as a dependent variable and environmental features and socioeconomic factors as explanatory variables. Based on the point data shapefile containing the bus stop location information, the Queen's contiguity spatial weight matrix was generated to control for the spatial autocorrelation. Table 2 shows the OLS and SEM results estimating the natural-log transformed average bus ridership. The R-squared value of SEM more than doubled over the OLS model; this result suggests that a notable portion of the average bus rider's variance is explained by spatial autocorrelation. In addition, the statistically significant spatial error coefficient (λ) indicates that SEM is more suitable than the OLS model. Comparing OLS and SEM results, some changes in the significance of a few variables' coefficients are identified. In the OLS model, the effect of land use mix is insignificant and the number of business establishments is significant. However, in SEM, the land use mix becomes significant, and the significant effect of the number of business establishments vanishes. Additionally, the VIF test result to diagnose the multicollinearity problem among the explanatory variables indicates that the variables used in this study do not have multicollinearity problems, because all of the VIF values were less than five [39] .
Analysis Results
The SEM results partially confirm the first hypothesis, which is that urban form elements, such as high-density, mixed-use, and pedestrian-friendly environments, encourage bus transport use. The positive and significant coefficient of the floor area ratio indicates that bus ridership tends to be greater at bus stops with a higher development density. The effect of land use diversity, which is an index showing the degree of mixture of land for various purposes, is also statistically significant. This result indicates that areas embracing diverse activities are likely to attract more activities, and thus more bus riders. Among the road type variables, the effect of arterial roads is significant, while the influence of collector roads is insignificant. This result indicates that the higher the road hierarchy, the greater the number of bus users attracted. This result is expected because arterial roads have more traffic than local roads, and bus stops in high traffic areas tend to have more users. However, SEM fails to detect the significant effects of intersection density and slope.
The significant and positive coefficient of gravity index supports the second hypothesis that buses and subways are complementary rather than competitive. Since the gravity index is calculated as the number of nearest subway station users divided by the square of the network distance from a bus stop to the nearest subway station, the positive gravity index implies that a bus stop tends to have more bus riders if there is a closer subway station, and if the nearest subway station has more subway riders.
Additionally, the negative effect of bicycle roads on bus users implies that some potential bus riders use bicycles if bike paths are provided. Thus, buses and bicycles may compete with each other. Lastly, no socioeconomic variables are statistically significant in the model. 266.838 *** Notes: + p < 0.1, * p < 0.05, ** p < 0.01; *** p < 0.001.
Conclusions
This study aimed to gain insight into a desirable public TOD method by deriving urban form features that can promote bus transport use. The authors focused empirically on bus transport, which has been relatively underexplored in conventional TOD-related research. SEM, dealing with the spatial autocorrelation problem of Seoul's bus stop ridership data, revealed that among the environmental factors, the effects of floor area ratio and land use mix are significantly related to bus ridership. This result supports the TOD theory that high-density and mixed-use environments encourage public transportation use. In addition, compared to local roads, the number of bus riders at bus stops located on the main roads tends to be greater. By investigating the relationship between bus transport and other transport use, it is shown that active nearby subway stations tend to have a positive influence on bus ridership, while bicycle roads seem to have a negative effect on the number of bus stop users. Based on the results of this study, conclusions and policy implications are presented as follows.
First, Seoul, which boasts a diverse urban environment, is an exemplar case for promoting bus transport through the reformation of the overall bus transit system and the introduction of BRT throughout the city. Thus, it is expected that the variables derived from this study can be used as basic data for evaluating land use public transport activation policy aimed at increasing the number of bus users. The result shows that bus stops in high-density compound areas and on roads with greater traffic tend to have more riders. Based on this result, it may be possible to evaluate bus stop locations and bus routes, and to present a direction for urban design and policy establishment toward the activation of public transportation use.
Second, this study aimed to clarify the relationship between buses and subways. It was confirmed that buses and subways have a complementary relationship with each other. The Seoul Metropolitan Government coordinates public transportation systems through the "T Money" service as a form of transportation card or as credit incorporated in users' credit cards. This service, which allows free transfer between bus and subway, is very widely used in Seoul. The analysis result implies that easy transfer between bus and subway routes may contribute to bus ridership, supporting the rationale that public transportation can be more effective when subway and bus systems, the two most popular public transportation modes in everyday life, are linked.
Lastly, unlike subway systems, bike paths seem to foster bicycle use, which may replace bus transport use. In Korea, bicycles are generally not allowed on buses and little bike parking is provided at bus stops, which may discourage transfer between bus and bicycle. Thus, bicycle riders may not consider the bus as an option to transfer to from their own bicycle. Instead, they may choose either their own bicycle or another transportation mode, including buses. More bicycle parking spaces at bus stops may change this relationship between bus and bicycle use in Seoul. In addition, considering that the number of bicycle users has been steadily increasing in recent years and that Seoul's public bicycle "Ttareungyi" [40] is being expanded all over the city, bicycles can be considered an alternative to bus transport where the provision of bus transport is insufficient.
Despite the findings, this study only analyzes the effects of meso-scale urban form features, defined as a 400-m network buffer, leaving the influence of micro-scale environmental factors unexplored. In particular, the present study did not reflect on the nature of the various types of bus stops, including the local bus stop, city bus stop, and town bus stop. To overcome these limitations, it is necessary in future studies to consider more detailed micro-scale factors, such as street-level design elements that may affect pedestrians, a diverse range of factors (e.g., cultural, social, economic, morphologic, etc.), and the characteristics of bus stops. In addition, the inclusion of characteristics of bus networks, such as bus frequency, may contribute to control of the potential autocorrelation of bus networks (i.e., parallel routes that offer different bus services may spatially influence each other).
Regarding road types, although we included the grade of roads to control for the impact of the overall capacity of bus services on bus ridership, details on the actual frequency and capacity of the bus system on each road are not available. The absence of the bus frequency and capacity data may lead to potential bias. Better data that include such information will improve the quality of future studies on bus ridership.
Lastly, this study was conducted in Seoul, which is the largest city in Korea, and it is supported by well-developed public transportation systems. Hence, the external validity of the analysis may be limited to similar large cities in East Asia, and the result may differ in studies on small and medium cities in different cultural, social, and economic contexts. Therefore, parallel studies that compare and analyze the indicators derived from this study in other types of cities are expected to improve the generalizability of the present research, as well as contribute to more applicable urban planning and policy approaches in accordance with the size and characteristics of each city. Appendix A Table A1 . Sensitivity analysis result of the SEM of the distance-decay parameter (β) of the gravity index. Notes: * p < 0.05; ** p < 0.01; *** p < 0.001.
